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equivalent ten second in t eg ra t ion  time , in th e de te rmina t ion  of th e
components  of a gravi ty  gradient  tensor .

~ Th e sc op e of e f fo r t i~ . t,his contract was limited to s tudies and
per formance  tes t s  and demonst ra t ions  in the laboratory envi ronment .
Two RGG sensors  were involved.  The f i r s t , RGG- 1 , was built in 1974
and 197 5 under  the prior cont rac ts .  The second , RGG- Z , was desi gned
and built dur ing  the course  of this cont rac t .  The initial scope of work
included various t a sks  to tes t  and modif y RGG-1 , wi th the goal of de te r -
minin g confi gurat ion changes to be incorpora ted  in RGG-2 .  -

The desi gn for RGG-2 was frozen  in April  1976: however , RGG - 1
tes t in g continued throug h November  1976. RGG- 2 was assembled and
read y for  gro oming and initial pe r fo rmance evaluations by December
1976. Since this contract was completed on 31 January 1977, the period
of RGG-2 performance evaluation was limited to a brief  span of a few
weeks. However, during that short time , it was conclusively demon -
strated that significant progress had been made toward achieving the
ultimate performance goals.

> Specifically, the performance results obtained with RGG-2
demonstrate that: ~l) the design goals have been met for thermal andelec t ron ics  noise;  ~( Z) The sensor  output noise goals have nearl y been
met for the ver t ical  sp in axi s orientat ion ‘(3) Considerable optimism
is warranted that the sensor output noise goal s can be met for the hori-
zon tal spin axis  o r i en ta tion~~, (4~ Cont inued development  is both neces-
sary and wa rran ted .  

-

A second pur pose of th is  con t r ac t  was to stud y the re q u i r e m e n t s
of a pla t fo rm needed to stabili ze up to th ree R GG senso r in an a i rbo rne
mappin g environment .  The resul ts  of th is  stud y, conducted under
subcon t rac t by Incosym , Inc. , is reported in Volume II of th is  Final
Rep or t .  The stud y r e s u l t s  are  encourag ing,  part icularly beca u se an
exis t ing DoD pla t fo rm has been ident i f ied as being sui tab le to su pp ort
a triad of RGG sensors .

~~ In summary,  the availability of a platfo rm and t h e pe r f ormance
success of RGG-2 pe rmit  immediate considerat ion of a follow-on pro-
gram which would test  and demonst ra te  all the components of a gravi ty
gr ad iometer  sy stem . It is the recommendation of this repor t  that  the
Hug hes RGG sensor be in tegrated with a platform at the ear l ies t  possi-
ble time , and tes ted in the laboratory environment .  It is also the
rec ommendation of thi s report  that the R G G - l  sensor  be r e t ro f i t t ed  up
to the RGG-2 configuration to permit  simultaneous development and
test  e f fo r t s .
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S E C T I O N  1

INTRODUCTION

This repor t  de f ines  t he Vibrat ion Isolation Ali gnment  and

Level ing Sys tem (V IALS ) requi r ement for the  Rotat i r s g Gravi ty  Gradiom-

e t e r  ( R G G ) .

The r epo r t  d e f i ne s  the  RGG p e r f o r m a n c e  s ens i t iv i t i e s  to i t s

e n v i r o n m e n t  (angular  and t rans la t iona l  inputs , head ing  and t i l t  etc . )

anal yzes  the  expected e n v i r o n m e n t  fo r  fli g ht t e s t i n g ,  e x a m i n e s  the

amount  of compensat ion  fo r  e r r o r s  that  is des i r ab le  and poss ible , and

p re sen t s  a spec if ica t ion genera ted  f rom thi s data. The r epor t  also

examines the VIA LS ques t ions  of the avai labi l i ty  and appl icabi l i ty  of

ex i s t ing  ha rdware  and compares  them wi th  the f eas ib i l i ty  of new

ha rdware  de s ign , and makes  a t r a d e o f f  s tud y of the potent ia l  cos t s .

The f i r s t  and major  quest ion to be reso lved  was w h e t h e r  the

s t a t e - o f - t h e - a r t  t echno logy  in p l a t fo rms, v ib ra t ion  isolat ion s y s t e m s ,

and i n s t r u m e n t s  could in fact  meet  the  r equ i r emen t s :  w e  concluded

that  the r equ i rement  is both feasible  and prac t ica l .

Two a reas  will r equ i re  technology that  is onl y j u s t  emerg ing .

The f i r s t  of t hese  is the  t r ans la t iona l  vibrat ion isolat ion s y s t e m :  t h e

rea l i za t ion  of the assumed r e q u ir e m e n t s  of a 2 -Hz  bandwidth  i so la t ion

is bein g pursued vi gorousl y in i n d u s t r y .  The r e s u l t s  obtained t h u s  far

indica te  good technica l  p r o gr e s s .  The second a rea  is the  measure-

ment  and compensat ion of angular  vibrat ion . In th i s  case an adapta t ion

of a t u n e d - r o t o r  g y r o  to an angular  acce le romete r  showed in prelimi-

n a r y  t e s t s  that  the  problem was  solvable.

A pla t form was located tha t  could be modif ied readi l y to meet

the VIALS r e q u i r e me n t , and will sa t is f y the  r e q u i r e m e n ts of fo rm , f i t ,

and func t i on . With the  addi t ion  of the  v ib ra t ion  isola t ion m o u n t  t h a t

is be ing  developed , and poss ib l y t h e  a n g u la r  a c c e l e r o m e t e r s, t h i s

modif ied pl a t fo rm would mee t  the  VIALS p e r f o r m a n c e  r e q u i r e m e n t .

7
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A. CONCLUSIONS

The following are the conc lu si ons r eac h ed:

1. It appears  to be fea sible and practical to mount
t h ree  of the p r e sen t - con f i gura tion Hu g hes Rotat-
in g Gravi ty  Gradiomete r s  on a platform. Such
a plat for m would be small enoug h and would per-
form adequately for  laboratory and fli g ht tes t ing .

2. A pla t form that  could be modified easily and that
is suitabl e for  laboratory and flig ht t e s t s  does
exis t , an d is in production .

3. Measurement  of the rotational vibrat ions of
eithe r a new or modified platform will be
re quired to de te rmine  if active compensation is
n e c e s s a r y  for e i ther  l abora to ry  or flig ht t e s t i n g .

4 . Add ition of a low- f requency  translat ional  mount
to the e x i s t i n g  p la tform mi ght be n ecessar y for
f l ig ht t e s t i n g ,  but would not be n e c e s s a r y  for
labora tory  t e s t i ng .

5 . Laboratory tes t ing  could determin e the pe r fo rm-
ari ce of the p re sen t  RGG design on a pract ical
pl a t fo r m , ver i f y the validity of the RGG mathe-
mat ica l  mode l , and speci f y the requi red  transla-
t ional and rotat ional  v ibra t ion  r e q u i r e m e n t s  more
accu ra t ely.

B. RECOMMENDATIONS

Before a true evaluation of the potential performance of any

instrument can be established , it  is n e c e s s a r y  to t es t  data wi th  the  in-

st rumen t  in i t ’ s operat ional  confi gura t ion  and in a “ real  wor ld”  environ-

m e n t .  For the  Grav i t y  Gradiometer  th i s  means  moun t ing  it on a pla t -

fo rm and f ind ing  out how it will react , f i r s t  in the l a b o r a t o r y  u n d e r

induced env i ronmenta l  condition s , and t hen in actual fli gh t s .  Unti l

such  t e s t s  a r e  p e r f o r m e d  any  d e s i g n  p a r a m e t e r s  and p r oj e c t i o n s of

p e r f o r m a n c e  are only e s t ima t e s.

Because of t h e  avai labi l i ty  of su i tab le  h a r d w a r e , and b e c a u se  of

t h e  d e s i r a b i l i t y  of obta in ing opera t iona l  p e r f o r m a n c e  da ta , INC OSYNI

r e c o m m e n d s  t h e  fol lowing s t eps  be t aken :

8
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1. Procure (buy or borrow from DoD) an Autonetics
Mark  II pl a t fo rm.

2. Màdif y it for laboratory t e s t i ng ,  including contro l
gyros and accelerometers, and mount one RGG.

3. Take performance data, monitoring rotational
and translational vibration levels.

4. Induce rotational and t rans la t ional  v ibra t ion:
ro tational by inser t ing a controll ed ac v ol ta ge
to the gimbal torque motors and t ranslat ional
by moun ting on a shaker and monitoring the
RGG per fo rmance .

5 . Compare actual to predicted pe r fo rmance .

6. Add a second RGG and observe  the c ros s - t a lk .

7 . Define any so ftware compensation required for
fl ig ht t e s t s .

8. Def ine  t h e sys tem mechan iza t i on  fo r  fli g ht
t e s t ing .

9. Procure additional hardware  required fo r  fli ght
t e s t in g (computer , master  iner t ial navigat ion
sy stem , mounting rack e t c . ) .

10. Integrate the full system .

11. Labora tory - t e s t  the full system.

12 . Fli ght t es t  the full sys tem.

The above list  is ex tens ive  and would requi re  approximately

two y e a r s  a f te r  p rocu remen t  of the p latform to implement .

The laboratory t e s t ing  and def in i t ion  of the  fli g ht sy s t em could

be accomplished dur ing  the f i r s t  year , and the i n t e g r a t i o n , l abora to ry

and fli g ht t e s t ing  of the complete sys tem could be accomplished in the

second yea r .

9
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S E C T I O N 2

LIAISON W I T H  P L A T F O R M  AND COMPONENT VENDORS

A. PURPOSE AN D  SCOPE

The purpose of the liaison v~as (1) to find out what available

ha rdware  could be app lied t o t he VI A LS prob lem , (2) determine the

reaction of industry to the feasibility and practicality of the require-

ment , and (3) obtain data on the modifications to exis t ing  ha rdware  or

the amount of new desi gn  required , and on the respective c osts

involved.

The following vendors w er e  contacted:  Auto r i e t i c s , Sp e rr y ,

Lit ton , S in g e r - K e a r f o tt , Honeyw ell , Nor th rop ,  Delco , and A c t r o n .

We also studied data available f rom Aero f l ex , Ca rco  Elec t ron ics , and

C o n t r a v e s  - G o e r t z .

B. AVAILABLE HARDWARE

Inves t ig ation revealed one avai lable p l a t f o r m  that a p p e a r s  to

be a t t rac t ive  for  the VIA LS r e q u i r e m e n t. Thi s is  the Aut o r ie t i c s

M a r k  II SINS p l a t f o r m .  It has the most  des i r ab le  g imba l  order , i . e . ,  ‘1
the a z i m u t h  g imbal  is on the outside , which resul t s in the  m i n i m u m  size

possible  to c a r r y  the R G G .
The RGG s could be mounted where  the present  SINS gy ros a r e

mounted  wit h very  li t t le modi f i ca t ion  to the g imbal , and t h e r e  would

be p lent y of room left to mount con t ro l  gyros  and a c c e l e r o m e t e r s .

The outer th e r m a l  shield (which is w a t e r  cooled)  should be removed

to g ive m o r e  spac e around the gimbal .  Wa te r  cool ing  should not be

requi red  for the  VIALS , especially not in a fli g ht t e s t , and rep lace-

ment  of the p r e s en t  shroud woul d resul t  in  a s imp ler and s m a l l e r

package .  The desi gn of a new shroud would be re la t ive l y s i m p le.

11
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The g i m b a l  s t r u c t u r e  i s  as s m a l l  as i s  p r a c t i c a l  f o r  a two-

~~ t h r e e -R G G  p a c k a g e .  It i s  i n t e r e s t i n g  to note that  it L a n  he u s e d

~~i th  ei the r two  or  t h r e e  RGGs  w i t h  no m o d i f i c a t i o n  to  t h e  g i m b a l s ,

and e v e n  i f  a s p e c i f i c  t w o - R G G  c o n f i g u r a t i on  w e r e  des i gned , t ~~ould

not he any  s m a ll e r . The g i m b a l  is  ap p r o x i m a t e l y ~4 i n c h e s  i n  cl iam-

e te r , ~ 0 i n c h e s  hi g h , an d \ v e i g hs about ~20 p o u n d s .  W i t h  al l  i r i s t ru -

m e n t s moun ted  the  w h o l e  p a c k a g e  should wei g h l e s s  t h a n  350 p o u n d s .

The g imba l s  a r e  a t t a c h e d  to  a post  t h r o u g h the e n t e r , \k h i c h  i s  con-

v e n i e n t  fo r  a t t a c h m e n t  to  a m o u n t i n g  s t r u c t u r e .  The g imba l  f r e e d o m

is at l eas t  40 d e g r e e s  in  p i t ch  and ro l l , and  s 360 d e g r e e s  i n

a z i m u t h .

This  g imba l  c o n f i g u r a t i o n  put s the  c e n t er  of the  RGGs  at

a p p r o x i m a t e ly a 1 6 -i n c h  r ad ius  f r o m  the c e n t e r  of ro ta t ion  of the

a z i m u t h . Howeve r , as the  R G G s  ‘~s i l l  have to  he c a l i b r a t e d  on the

system for mass p roximities anyway, this does not appear to he a

constraint . Any p a c k a g ing c o n c ep t w i l l  r e q u i r e  the  c e n t e r s  of the

RGGs to he disp laced by at least 7 inc hes.

The gimbal readout s are iriductosyns ~ ith an accuracy ,f

approximately 10 arcseconds and virtuall y i nfinite analog resolution.

Thi s would m a k e  it p os s ib l e  to s lave the RGG p l a t f o r m  f r o m  a m a s t e r

s y s t e m  in  the veh ic le  pro vided the  m a s t e r  s y s t e m  had i n  e q u i v a l e n t

g imba l  o rde r  and equ iva len t  g i m b a l  r eadou t  a c c u r a c y  r e s o l u t i o n .  This

would e l i m i n a t e  the  r e q u i r e m e n t  for  g y r o s  and  a c c e l e r o m e t e r s  on the

R G G  p l a t f o r m , but would r e q u i r e  a s t i f f  moun t ing  s u r f a c e  be tween  the

s y s t e m s  to e l i m i n a t e  any bod y bending  m o t i o n s , and eithe r a c o m m o n

vib ra t ion  i so la t ion  mount  f o r  both s y s t e m s  or a m o u n t  tha t  i s  i n d i v i d u a l

to each  s y s t e m  but is “ tuned”  so that  both mount s a r e  id e n t i c a l ,

The e l i m i n a t i o n  of the  con t ro l  g y r o s  f r o m  the  p l a t f o r m  w ould

e l im ina t e  a source  of v i b r a t i o n ;  t he  desi gn d i f f i c u l ty  of the i so la t ion

mount may pr e c l u d e  such a n  ap p r o a c h , h o w e v e r .  The p r e s e n t  p lat f o r m

does not have a 2 Hz t r a n s l a t i o n a l  mount , hut Au to rie t i c s  is w o r k i n g

on a 2 Hz m o u n t  ~~h ich  could he app lied f o r  the  P GG app l i c a t i o n .  Th i s

m o u n t  should he avai lab le  withi n a few mon ths .

12
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This A u t or i e t i c s  p l a t fo rm u t i l i z e s  bal l  b e a r i n g s  be tween  g i m b a l s

and has  an a z i m u t h  sli p r i ng  ~w i t h  150 r i n g s ) .  These  have f r i c t i o n  that

could cause  s p u r i o u s  a n g u l a r  v i b r a t i o n s  of the  p lat f o r m .  The sli p

r ing s ould be b y p a s s e d  b y a cab le ;  a l thoug h t h i s  would  l i m i t  the n u m b e r

of 360 ° r o ta t i on s  p er  fli ght to p e r h a p s  20 , it should be acceptable  for

f l i g ht t e s t i n g . H o w e v e r , as a resul t  of the  ~~o rk  done on a n g u l a r  v i b r a -

t i o n  c o m p e n s a t i o n, d i s c u s s e d  in Sec t ion  6 , it would ap p e a r  that  a ba l l -

b e a r i n g  p l a t f o r m  wi th  sl i p r i n g s  could be u s e d .  There  is no da ta  ava i l -

able on the  a n g u l a r  n o i s e  on t h i s  p l a t f o r m , t h e r e f o r e  t e s t s  would be

r equ i r ed .  P e f u r b i s h m e n t  of  the b e a r i n g s  would be adv i s ab l e  i f  the

p l a t f o r m  has been  in use .

A s t a r  t r a c k e r has been  m o u n t e d  on one of t h e s e  Autone t ic  s

p l a t f o r m s  and has  been  van t es ted :  the de ta i led  da ta  is not readi l y

ava i l ab le , but in  g e n e r a l  the  sys t em w o r k e d  s a t i s f a c t o r i ly.

There  i s  no v i s ib le  t e c h n i c a l  r ea son  wh y th is  p l a t f o r m  could

not be m o d i f i e d  and f l i g i t  - t e s t ed  w i t h  RGGs i n s t a l l e d , and it is  our

c o n c l u s i o n  that  such  an a p p r o a c h  could be made  t o  w o r k  f o r  fli g ht

t e s t s . For shi p board  app l i ca t ions , the  u se  of such  a p l a t f o r m  s laved

f r o m  t h e  SINS a p p e a r s  to he v e r y  a t t r a c t i v e , as the  space  would a l low

both s y s t e m s  to  be moun ted  t o g e t h e r .  ~~o o the r  p lat f o r m  pr e s e n t l y

ava ilable was  as a t t r ac t i v e  as the A u t o n e t i c s  M a r k  II SINS f o r  v a r i o u s

r e a s o n s .  In  g e n e r a l , the  d e f i c i e n c i e s  of the  o the r  p l a t f o r m s  v~ c rc:

i n f e r i o r  e ir n h a l  a r r a n g e m e n t, s i ze  e i t h e r  too l a r g e  or too s m a l l , o r

e x t e n s i v e  m o d i f i c ation r e q ui r e m e n t s .

If v e l o c i t y  damp ing f r o m  an on b o a r d  s y s t e m  w e r e  used  here

a re  n u m e r o u s  g y r o s  that would he s a t i sf a c t o r y  as o n tr o l  ~y r o s  f o r  t h e

R GG pl a t f o r m .  It would probabl y be b e s t  to  u se  a ca s -b1 a rio gv ro , is

t h e y  ~& -n e r a t e  low ’ r v i b r a t i o n s  t h a n  do b a I l - b ea r i n~z ~~~~~~~ The  aI1~~I i -

l a r  v i b r a t i o n  of t h e  g imbal  w i t h  t h e  s e r v o  too c l o se  ri w i l l  be t h e  iiio,~t

i m p o r t a n t  f a c t o r  in i~v r o  s e l e c t i o n , t h e  r e fo r~ t b 1  ch a r a c t ~ - r i~- t  i c  s o~ t h e

5 e r v o  electronics and gimbals ~ ‘i l l  h av e  t o  be c o n s l d l r k - d  c , t r e i u l l v  ~~~~~~~~~~~

s e l F c t i n i ~ a g y r o .  
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The accelerometer pres ently used on the Mark II SINS is an

examp le of the available i ne r t i a l - g r a d e  a c c e l e r o m e t e r s  that  would meet
the requirement .

C. INDUSTRY REAC TION TO THE VIALS REQUIREMENT

The one area of concern to nearly all vendors was the 2-Hz

t r a nslatio nal i solat io n, Autonetics claims to be close to a solution

for  a pay load of this size , althoug h they de clined to speci fy the approach

used .  A l s o , A c t r o n  has i so la ted  a pay load of n e a r ly the  exact  s ize

postulated for VIALS dow n to 4 lIz , using a passive (i. e., sp ring s and
dampers) system. The major quest ion t o be resolved is whether or no ’

an active (pe numatic or hyd rauli c ) sys tem w ill be required  in s t ead  of
a passive spring-damper system.

There is also g e n e r a l  u n c e r t a i nt y as to what the  angu l a r  vibra-
tion levels  a re  on p la t fo rm s , especia l l y at higher  f r eq u e n c i e s .  That
problem has bee n addressed in this report in the section on compensa-

tion techniques.

D. MODIFICATIONS TO E XISTI N G H A R D W A R E A N D  COSTS
INVOLVED

The modifications to the Autonetics p l a t f o r m  needed f o r  it to
c a r ry  the R G G s  have  a l read y been out l ined .  To s u m m a r i z e, t h e s e
are :

• Modi f y the  m o u n t i n g  s lo ts  fo r  t he  p r e s e n t  SINS
g y r o s  to a c c o m m o d a te the  R G G s . If t w o  E G G s
a r e  used , a d u m m y  m a s s  would be used  ri
slot No. 3.

• Add m o u n t i ng  pads  f o r  c o n t r o l  ~y r o s  i f  requi red.

• Leave a c c e l e r o m e t e r  slot s as  i s .

• Im p lemen t  a n e w  sh roud .

14
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• Add a , ? - l I z  i s o l a t i o n  m o u n t .

• l)es i gn and build a m o u n t i n g  r ack  fo r  f l i g ht t e s t .

• Modif y the  g imbal  o n t r ol  loop s  if or ihoard c o n t r o l
g yr o s  a r e  used .

• Imp lemen t  a m e c h an i c a l  and e l e c tr i c a l  i n t e r f a c e  f
e x t e rn a l  s lave  c o n t ro l  is  used .

If an Autonet ic s sy st em in a s laved  mode is  u sed  f o r  the  m a s t e r

sys tem t h en  t h e  e l e c t r i c a l  i n t e r f a c e  i s  a l r e ad y es tabl i shed .  T he cost

to modi f y an a v ai l a b l e  A u t o n e t i c s  p l a t f o r m  ~~ould be a p p r o x i m a t e ly

$250 , 000.  To des i gn and build a p lat f o r m  s p e c i f i c a l ly f o r  the  require-

ment  would cost  a p p r o x i m a t e ly $1 , 000 , 000 .

If the sys tem is  s laved the master would p robably be a SINS

system that would cost nearly $1 , 000 , 000. Even i f  it  isn ’t slaved a

very accurate onboard system viii he r equ i red  for  i n i t i a l i z a t i o n  and

v e l o c i t y  in f o r m a t i o n .  A Honeywel l  C VAN S s y st e m  can be u s e d  if  s l av i n e

is not  r e q u i re d .

GEANS s y s t e m s  have  b e e n  d e m o n s t r a t i n g  f l i ghts  wi th  gu i d a n c e

a c c u r a c y  be t te r  t h a n  0. 1 nau t ica l  mile p er  hour , w h i c h  v ould he

a c c u r a t e  enoug h to use as a m as t e r  r e f e r e n c e  fo r  1 0 - h o u r  f l i g ht s .

The GESANS sy s t e m s  are  not in  vo lume p r o d uc t i o n , so t h e y  a r e  expen-

sive , althoug h they  Fh ould  be somewha t  less  t h an  SINS s y s t e m .  A s

s p a r e  Au tone t i c s  s y s t e m s  a r e  available in the  1)01) i n v e n t o r y ,  a n d

as the  p l a t fo rm could readi l y be r e t u r n e d  to i t s  or i g ina l  s tate a f t e r

m o d i f i c a t i o n , it v ould a p p e a r  that  two of t h e s e  s y s t e ms  could  be

b o r r o we d  fo r  f l ig ht t e s t ing , and the  onl y cost i n c u r r e d  vo ul d  be f o r

modif i c ation and r e f u r b i sh m e n t .

I
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S E C T I O N 3

GROUND RULES FOR PLATFORM DEFINIT ION STUDY

A. MISSION CHARACTERISTIC S

1. Operat iona l A i rbo rne  M app ing of the G ravit y Grad ie nts

• Durat ion  of one mapp in g miss ion  is 10 hours  max p lus
any preflight time as necessary.

• Environment typical of C-l4l or C-135 aircraft in
good weather condi tions (benign envi ronment  char-
ac t er iz ed by strai g ht and level fli ght du r in g t a k i ng
of the data) .

B. AVAILABLE SUPPORT EQUIPMENT

• High-quality inertial reference will be available
as a master. The RGG platform will be slaved to
the mas ter .

C. METHOD OF DA TA TAKING AND DATA PR OCESSIN G

• Flig ht pa t te rn  will  be selected such that it will  be
sui table for  bias stabilit y ver i f icat ion by point
c losure  techni que.

• In- f l i g ht data p rocess ing  (act ive compensa t ion)  i s
acceptable provided it is found to be feasible.

• Post-flight data processing is also acceptable p ro-
vided it is found to be feasible.

• Azimuth VIA LS rotation to eliminate turnarou nd
effects may be used if it is found desirable.

17
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D . V I A L S  A N I )  R GG C O N F I G UR A T I O N

• P r e f e r a b l e  n o m i n a l  onf i g u r 1 t i o n  i s  to  o n s i ~~t 1) 1
a comp le men t of three  m ut ually orthoL ’ n,a l H O G s .

• Second p r e f e ra b l e  con f i g ur a t i o n  is t o  onsi st of
a comp lement  of two mu t u a l l y o r t h o g o n a l  H G G s .
A x i s  o r i e n t a t i o n  r e l a t i v e  to the  loca l  v e r t R  al

and a ir c r a f t  l i ne  of fli g ht is to  be d e f i n e d .

• D e s i r e d  R G G  p l a t f o r m  m e c h a n i z a ti o n  i s  lc- c a l l v
l e v e l  and n o r th  p o in t ing .

• The f o r m  f a c t o r  of the  e x i s t i n g  I-’GG is to  He on-
s ide red  as a b r e a d bo a r d .  1 lo~v e v e r , t he  s i z e
and the f o r m  of the i n n e r  ro tor  a s s em b ly  ~~i l l
not c h a n g e .

• VIALS r e q u i r e m e n t s (p l a t f o r m  and i s o l a t i o n
s y s t e m )  a r e  t o  he s a t i s f i e d  i n  m a n n e r  t h a t  is
m o s t  cos t  e f f e c t i v e  and s c h e d u l e  e f f e c t i v e .

E. P E R F O R M A N C E

\ ‘i b r a t i o n  I s o l a t i o n  Sy s t e m  p ar a m e te r s  s hould be s e l e c t e d  wit h

the o bj e c t i v e  of r e d u c i n g  sp in h a r m o n i c  e r r o r s  to a c c e p t a b l e  l e v e l s

wi t hout c o m p e n s a ti o n  w h e n  I ’ GG mot ion  s en s i t i v i e s  a re  t d e s i g n

goa l  l e v e l s  and  w h e n  ex t e r n a l  en v i r o n m e n t  is  ‘D e f i n e d  Op e r a t i o n a l

E n v i r o n m e n t . ’

V i b r a t i o n  I s o l a t i o n  Sy s t e m  n a t u r a l  f r eq u e n c i e s  as low as  2 l I z

a r e  a cc ep t ab l e  fo r  smal l  m o t i o n s , and  n o n - l i n e a r  s t i f f n e s s e s  n a y  be

e m p loyed t o  l i m i t  ‘‘ I l i g h — g ’ ’ di e f l e C t i On s  to  a c c e p t a b l e  m a g n i t u d e s  u nd e  r

t r a n s i e n t  m an e u v e  r s .  A c t i v e  da m p in~ m a y  oe o n s i de  re d  t o  a c h i e v e

i m p rov e d  a t t e n u a t io n  at sp in h a r m o n i c  f r e q u e n c i e s  i f  r e q u i r e d  u~
f e a s i b i l i t y  shou ld  he e s t a b l i s h e d  fo r  h ar d w a  re .

I f  ~~ith i n t h e  p r i o r  c on s t r a i n t s ’t a n y  sp in h a r m o n i c  e r r o r  i n —

not he r e d u c e d  t o  an  a c c e p t a b l e  l e v e l  i t h o u t  o n i p e n s . i t  i o n , t hen t h e

f e a s i b i l i t y  of  ch a n g ing t h e  m o t ion  se~~s i t i v i t v  c l ( ’ s 1 L~ t 1 coal and or o~
c o m p e n sa t i n g  t h e  o f f e n d i n g  r r o r  s ho u ld  he d e t e r m i n e d .
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It is assumed that the VIALS cannot  l imit the  ro ta tion  f ie ld

e r r o r s  and “ g 2 e r r o r s ” to accep table levels without compensa t ion  so

that it is n e c e s s a r y  to fo rmula te  a compensation configuratio n for these

e r r o r s  suc h that the residual  e rr o r s  a re  within accep t able l imit s in

the def ined  operat ional  env i ronment . (These  a re  riot sp in ha rmonic

de penden t ) .

1. Error Budget Guidelines

• Total system te nsor element error standard deviation

~ 1 EU

• RGG self noise  t e n s or  e lement  e rr o r  c o n t r i b u t io n s  to

standa rd deviation 20. 7 EU

• Root sum square of all remaini ng errors must not

excee d 0. 7 EU for  each t e n s or  e lement

• The error forms due to VIALS are

a. Ro tation field res idua l  a f t er  compensat ion

h . g 2 res idua l  af t e r  compensat ion

c. D i f f  MU (N 1’ K , ) sp in h a r m o ni c

d. A x i a l  (N 3 ) sp in h armonic

- 

e. I) yn MU (!\ 4~ !\~~i splil ’SITaTlTTUrrI C ——-
~~~~~~

--____ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

f ,  Sum-mode  MM ( N )  sp in h a r m o n ic

g. Skew misalign (K 11 , N 1, ) sp in har monic

h. Platform orientation.

• If each  er r o r  in  “D”  is  0 . 2 5  EU , ~~ the II SS i s  0 . 7 1  E U .

One s i g m a .

1 (1
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F. ADDITIONA L NOTES
I

It is the primary objective of this effort to provide a VIALS

specifi cation that will meet the requirements of the airborne mapp ing
miss ion,  However , t he requ i rement s of the l o n g e r - t i m e- c o n s t a n t
submar i ne miss io ns and low-al t i tude fli g ht ( m o r e  bumpy)  oil exp lora-
t ion su rvey  mis s ions  should a lso  be listed , and pr io r  to a ny m ajor
decis ion  re lative to the a i r b o r n e  VIALS these  r equ i r emen t s  should be
reviewed,

20
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S E C T I O N  4

REVIE W OF RGG PERFORMANC E FA CTORS

A. MATHEMATICAL MODEL OF THE RGG

In order to specify the characteris tics of the \‘LALS system ~ e

must know the vib rational environment , and also know the sensitivit y

of the RGG to that environment. The characteristics of the expected

envi ronment  are  addressed in another sect ion of th is  repor t ; in  t h i s

sectio n we establish the RGG model. This mathematical model pe rmit s

us to evaluate the er r o r s  resul t ing from the vibrational environment

and thus specify the level of isolation necessary to keep these errors

within allowable limits.

The RGG mathematical  model  is based on e q u a t i o n s  p r e s e n t e d

in the Hughes report entitled Rotating Gravity Gradi om et er , dated

March 1976. The RGG signal process model is shown in Figu re 1 ,

and the input functions to thi s model are:

A = A c o s w t + A  sin~~~t(t) Ic s IS s

i-A cos 3w t l - A sin 3c. t (1 13c s 3s s

B B cos~~~ t + B  s i f l w t
(t) ic s ls s

4 - B  cos 3~~~t + B  sin 3~~~t (2)3c s 3s s

C = C cos 2~ . t + C sin 2w t (3)
(t) Zc s Zs s

2 1
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A Ct ) COS o)5t _-II.I 2 sin 2 c
~s t }__

I_
H0 (s)

_ j_—_ir
~
. 1~

+

B(t ) Sin (~~~t 
+

+

C(t, 

+ 

+ 

H1 (s)

D (t ) COS

+

E Ct ) sin ~~~ t 2 cos 2 ~ 5t
_~..—+(

_
H0(s)

Fi g u r e  1. BOG si gna l  p r o c e s s  model .

I) = D D cos 4~. t D s i n  4 t ( 4 )( t )  0 4c S 4s s

E( t )  F
0 

F
4 

cos 4wt E
4 

sin 4 ,,, t (5)

The out put si g n a l s  of the RGG p r o c e s s  m odel are g iven  b y
Equat ions  (6)  and ( 7 )

I ’  !(A F B  ) + - ~~(A - B  ) f Cc 2 l s  ic 2 3s 3c 2s

~ (D~ - E
4 ) ~ E0 ( i i )

2 2

~
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= 4 A
1 

- B
1~~ ~ (A3 

4 - B i~~ C
2c

1) . E~~~ D
0 

7 )

The f i v e  In p u t  t i m e  f u n c t i o n s  an t  a m g r a v i t y g r a d i e n t  si g n a l s ,

r o t a t i o n a l  R e id  g r a d i e n t  si g n a l s , and  m o t i o n  s e n s i t i v e  e r r o r s i g n a l s ,

and a r e  st i t e d  by equa t ions  ( S R  ( 9 ) ,  1 1 ) ,  ( 1 2 ) , a n d  ( 1 3 )

A cos t~~~ A s in 1 . - t - A  cos 3~. . t~~~ A s in 3~~~tic  s l s  s 3c s I s  s

i a  ~ I a  \

= K (— ~
) ~ K . (

~~ 
) + K (... - w Vl~~~g j  ~~~ g i  4 x y z yz

a a  a a
+ N ~- _  - r ) ~ , - 

x z
5 y x z  xz q 10 2g

K ~..‘ — l.H ( 8 )
i l y l 2 x

B cos t + B s in  ~ t B cos 3~~ t B s in  i~.. tic  s I s  s 3c s 3s s

K 1 (
~ 

- K ,(_ )  ~
. K

4 ~~ 
+ 
~ x~~z 

-

- N (~~ 
- 1’ - 

( a a
x y z yz

- N 11) 
( 

~~~~~ - 1
~~l l ~~x - K 1 ,  t ° )
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C cos 2~ t ~- C sin 2~ t = K I —
~~ ) +  K ,.~ 4- Thermal  noise

2c s 2s s 3 k g ,  6 ’ z
(10 )

D D cos 4~~ t + D sin 4~ t0 4c s 4s s

rz~~ .1r 
~= zr’ - 2w w - I ~ 11 i ’  - i~~ 

+LQ -

xy x y L ~c i L yy xx x y

2 2

+ K
7 
(2a~

a
~~

) 
+ K 8 [a

Y
- a x 

] 

( 1 1 )

F + E cos 4~ t + F sin 4w t0 4c s 4s 5

2 2 
_ _ _= r  - r  + w  + 1  13 11z r - 2 ~~~~yy xx x. y LIC JL xy x y

2 2

+ K
7 (a

~~~~
a )  - K 8 

( Z a a )  (1 2 )

Once the fo rm of the input funct ions of the gravi t y g r a d i e nt s ,

r ot at iona l f ield s an d acce lerat ions is est ablis hed , the n the input

coef ficient s A , A etc. are  evaluated and are substituted to obt a in
lc ls

the RGG out put s r’c and F5 as indicat ed by Equations (6)  and ( 7 ) .

B. EVALUATION OF RGG SENSITIVITIE S TO TRANSLATIONA L
ACCELERATION INPUTS

1. R e s o lved Fo r m —

A s s u m e  all other inputs  are  equal to ze ro  and the acce lera t ion

input s have the f o r m :
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‘ 4~~

d g i ’  I 1 13)x x xg

a ( ‘  1 ( 1 4 )
V V ~~L’

a r — ( ( 1 5 )z z

U s i n g  ( 1 3 ) ,  ( 1 4 ) ,  and ( 1 5 )  evaluate

K
1 (~

.~i) K
2 (i) 

K(~ 

a a  
- K

10 

a a

=(K + K  C )
~~ 

+(K -K  C ) -1 10 zg x z 9 zg y

- - (K C - K  C ) “  +(K r~ - K  r~ ) r ~ ( 1 6 )
10 xg 9 yg z 9 y 10 x z

Using  ( 1 3 ) ,  (14 ) ,  and ( 1 5 )  evaluat e

K i 
(
~

) - K
~~(~~~) 

- K
9 

- K io 
a a

=(K + K  C )
~~~ 

- ( K  - K  C ) r ~1 10 zg y 2 9 zg x

+ (K C + K C ) ‘i  - (K 
~ 

+ K ‘1 ) T l  ( 1 7 )10 yg 9 xg z 9 x 10 y z

As suming that the products ‘

~~~~~

-

~~~~ 

and ‘1 y’
~~ 

can be neg lec t ed ,
then substituting (16) and (17) into (8) and V~) w e  obtai n
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A cos t A sin t )  4 (A cos  l~~ t A ,  s i n  l.~ t ilc  s I s  s 3c S 3 5  5

= iN
1 

- N 114 ~~zc~~” x 
L , - 1’ a

K ( - N C 
~‘i10 xg a vg z

(B  os t V s in  I )  t l ~ cos i~~ t~~~~l ’, s~~ i - 1 3~ t )
I c  s I s  s Ic s Is s

= ( N  N C - i N  - V C )~1 10 ~~g y 2 ig x

± ( N  ~ £ K C ) ( PR10 vc ° x i ~ z

A s s u r n e  t h  t

- cos .~~ t t ~ ‘-Rnx s i c  s x1~~

£ 
~~ OS 3w t “~ 

s in  i~~ t
x3c s x3s s

fl — ‘1 cOs ~ 1 ‘i s i n  t
v y lc  s y l s

i~ cos  3w t £ q s i n  3w t ( 2 1 )y .ic s y l s  s

‘1 ‘
~ ~ OS t i

~ 
s i n  tz z l e  s z l s  s

ii ( 05  3w t ~) 5~~fl ~~ t (22 )s z l s  s 
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Subs t i t u t e  ( 2 0 ) , ( 2 1 )  and ( 2 2 )  i n t o ( 1 8 )  and  ( 1 4 )  and c o m p a r e

c o e f f i c i e n t s

A ic  = (K 1 K 10 
C zg ) f l x l c  (K

2 
- L q C~/5 g ) i 1 y~~

:~ f (K~~0 C xg 
- K

9 
C

yc H z l c  
( 2 1 )

A i N  + K C )~i (K - K . C His  1 10 zg x i s  2 i4 zg y l s

f (K C - i-I C H (2 4)
10 xg q yg z i s

A =(K £ K  C ) r ~ + ( K  - K  C ) r ~3c 1 10 zg x 3 c 2 9 zg y 3c

£ (K C - K C 
~~~ 

( 2 5 )
10 xg 9 yg z3c

A = i K  + N C H ( N  - N C H3s 1 10 zg x3s  2 9 zg y 3s

(K C - K C ) r (  2 6 )
10 xg 9 yg z3 s

B = (K N C )i~ - - N C Hi c  1 10 zg y lc 2 P zg xlc

+ (K C N C ) 11 ( 2 7 )
10 yg 9 xg z l c

B = ) N + K C ) ~ - (N - N C ) ,
~l s  1 10 zg y l s  2 9 zg x i s

C + K  C ) r ~ ( 2 8 )
10 yg 9 xg z i s
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13 = ( K  4 - K  C )r’~ - ( K  - K  C ) ‘q3c 1 10 zg y 3c 2 9 zg x3c

+ ( K  C + K  C H ( 2 9 )
10 yg 9 xg z3c

B = ( K  + K  C H - ( K - N C  H3s 1 10 zg y 3s 2 9 zg x3s

K C + N C H ( 3 0 )
10 yg 9 xg z3s

Subs t i tu t e  ( 2 3 )  t h roug h ( 3 0 )  in to  ( 6 )  and ( 7 )

Fc ~ K 10 0
zc~~~ x i s  ‘1 y lc~ 

+ 
~ 

- K
9 C zg~~~

h1
y is  - ‘l x l c )

4 - 4  (K ~~0 C
xc 

- K ,4 C yg ) f l z i s  ~ (K 10 
C

yg 
K

9 ~~xg H z i c

+ 4 (N 1 K
10 C

Z L
) \3s  

- t
~y3c

) + ~~~ 

~~~2 
- K

9 
C 7g ) ( h 1 y 35 4- ‘

~x3c~

— 1- , ( — N . C H — (K  C + K C H I i )
2 10 xc ~ yg z3s  10 yg Q xg z3c

( N
1 

- K 10 C zg
) ( i

~i x l c  
- 

~ y l s~ 
4- (K - Is

9 
C

zg
) ( i l y ic 

£

+ (K C - K C )
~~ 

- (K C K C 
~~2 10 xg ~ yg z i c  10 yg P xg z i s

4,

~ (K 1 
4 K

10 C zg )(1 1 x3c + r1~~3~~) + 4 (K , - N~ C 75g ) (~~~ e - ‘
~x3s

1

~ (K 10 Cxg - N~ (
yg ) ’ z l c  - ~ ( K

10 
( 5

yg 
N 0 

(
x C ii l 7 I 5

(32)
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Equations (31) m d  ( 3 2 )  s t a t e  t h e  R G G  s e n s i t i v i t i e s  t o  t r a n s i t -

tional accele ration input s of s inuso ida l  n a t u r e .

2. Comp iex Form

a. Errors i)ue to T r a n s l a t i on a l  \ ‘ i b r a t i o n  at Sp i n
Frequency  Perpe n d i c u l a r  to the Sp in A x i s

F r o m  Eq. (28 ) of r e f e r e n c e  1.

~~i
’
~x i s  

- P
2 ’l x l c  ~~1’ y 1c P2 1  

( 13 4

~~2 ’ x1s  + 
~~~I~~~X I C  

4- 
~ 2~~y lc 

- 

~~i
’
yls 

(34)

Mult ip ly (34)  b y j = s - i  and add to  ( 3 3 )

( r  + (P  + 3 5 )
cs y lc s  - x l c s  12

w h e r e

P 12 P 1 + jP ,

~ [N 1 
K 10 

C 7 g ]  4-
~~ 4 [

~~
, - K 0 (

- ‘ , -~~~~~ - ~~1 T )
xlcs sIc - x i s

) 0

-- - - - 5  5 - ‘ - - ‘ - - - 5  
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9 ~ — ,j q ( 3 8 )
y lcs  y lc  y ls

AFcs c 
ii1 1 1

b. E r r o r s  Due to  T r a n s l a t i o n a l  \ i b r a t i o n  at T h r e e  Ti m e s
Sp in F r eq u en cy  P e r p e n d i c u l a r  to  the  Sp in  A x i s

F rom E q. ( 2 ~ ( of R e f e  r e n ce  I

‘1 
= 

~~l~~x3s  P2 ’i x I c  
- 

~~1~~y 3c P2 1 1
y 3s (3”)

~~~~ = 
~~~2~~x 3 s  

1 

~~l~~x 3 c  ~~2~~y 3c 1 l ’l y 3s 
( 4 0 )

3

Mul t i p ly (40 )  b y j and  arid to ( 3 0 )

‘S ~~ ‘1 y lc s  “~x 3 c s~ 
h 12 

( 4 1 )

~ h e r e

r j ,  P 1 
- jP ,

- 4 [~ 
£ K C - j -

~ 
[ K  - N (; 1 ( 4 2 )

10 zg  2 L 2 ‘~~ zgj

- 
‘ I  

— ‘1 ‘y lc s  v I e  - 
y ~s

10
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, - j ’  4 4 i
sIc s l s

+ I~.\ i ’Cs c~~,1
3 

- S

c . E r r o r s  Due to  Tr a n s l a t i o n a l  \ ‘i br a t i  o n  1 1 ‘ o r  I i  11:5
Sp in  F r e q u e n cy  Pe rp e n r l i c ’u L t r  t o  t he  Sp in  A - -as

F r o m  Eq.  ( 3 3 )  of R e f ,  r~’nCe 1

= P __ i 1 1- 1-’ ‘
~ 

I - P ‘ _ 4 5 )
c , - ,  £ ~4e 8 y4c 7 v4s  8 x4s

‘ 4

- ~~1 = - P P ’  - V ‘
~ , - P

__
’ ; ( 4 4 1 1

s
14 

8 s-Ic i y4c S y4s , x4s

N I  u l t i p l y ( - I n )  b y j ;oid aci d t a ( 4 5 )

- (
~ 

) P~ 4 4 7 4
cs. x4es - v-4 e s  8

I ’ ~4

v~ he re

P7~ 1 7 - j P 5

k _, C K - 
C I — j ( K  1 — N

__ 
(

‘ ) 1 -;. s i
I xc S ye  - S

I I 0 ( 4 4 4
‘ 5-1(- 5 \ ( ,  -

4 i _ i- V I-

I I
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j F  ( 5 1 )
9 4 ~14 94

d. E r r o r s  Due to Transla t ional  Vibra t ion  at Spin
Frequency  Along the Spin A xis

From Eq. (34) of Refe rence 1

= P ‘i ~ P T( ( 5 2 )
c 10 zls 9 zic

= 

~~9~~z l s  + 
~~lO~ z l c  (53)

Mult ip ly (53)  by j and add to (52)

n z l c s
p
9lo 

( 5 4 )

where

9 = n 39 ( 5 5 )z l c s  z i c  z l s

P9 + jP 10

C f K  C 1 + j ~!- 1i-c C - K  C 1 5 t ~~)2 L  9 xg 10 yg~ 2 L  10 xg P y gj

+ j~~~~I~~~ ( 57 )
z i  z i  z l
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e. E r r o r s  Due to T r a n s l a t i o n a l  V i b r a t i o n  Along the Sp in
Axis  at Twic e the  Sp in F r eq u en cy

From Eq. ( 3 2 )  of  R e f e r e n c e  I

= K
3 z2s  

(58)
z2

= K 3 z2c 
(50 )

z2

= 
~ 1z2 c s  K3 

(60)

where

“zZcs 
= ‘1 z2c - J ’ 1~ 25 ( 6 1 )

~ rc5~ 
= 

~~
i’
c~~~2 

+ 

~~ z2 
(62)

f. Translational Vibration Along the Spin Axis at Three
T i m e s  Sp in F reque nc y

From Eq. (34 )  of R e f e r e n c e  1

= P10 ’i~~3~ 
- 

~ 9~~z3c 
(63)

P9i 3 ~~10 ’
~z3c 

o4)
z3

3 1
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N l u l t ; p ly ( 4 4 )  I i  j and .,dd t o  (a

~~~ cs  
— - 1 z ics ~~4 I O

\~ he

~ 4 [,1 
C N 1 (1 C ] - 4 [K 1 ()  - K 1,

s z3c 
- 3 Ic ( ha )

4 i -~~~ - 0 7 )
C S C - 5

Equations ( 3 5 ( . ( 4 2 R  ( 4 7 ) ,  ‘~- I ) ,  nO) :n d ( t  5 )  a r t -  presented

in  ‘f ab le  1.

C. NARRO\V ft-\~~I) R A ~~ l ) O N I  PROC h.SS

[.ct t h e  n a r r ow  band r a n d o m  n r o c~.’ss be dc~~c r i Ij e d  h\’ 4 f u n c t i o n

~~~t )  
= ~ ( t )  CoS (~~()

t + a (~~( ) ( 4 ~ 8)

~~h v r e  
~~( t (  m c i  ó t )  ~t Ct r a n d o m  \ , t r i ; m I R t ’ s  an d  t h e  f r e q u e n cy  

~
5
p 

IS

non~ i nal l y a I-I ±1 ,mii t

E x p an d  ( t S !
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w h e r e

V ( t )  ~~~~ 
~ (t)

V~~~ sin a (~ ) ( 7 0 )

and y and y a r e  r andom va r i ab l e s  that c a n  be c h a r a c t e r i ze d  by
2variances o and o

Yc
It wi l l  be a ssumed  that

2 2 2
= ( 7 1 )

1. Narrow Band Random Process A pp lied to the RGG

Consider error due to the differential arm mass unbalance in

the cosine channel from Table 1

+ Ti y lc ) ~ I<
l 

- 

~‘~x ic  
- 

~~~

A s s u m e  -
~ 

, , p and r~ a re  characterized by va r i ances  0
2

2 2 x i s  y~ c x i c  y is  x i s
a , a and a- res pectivel y. Thus Equat ion ( 7 2 )  can be wr i t t eny ls  x l c  y l s

a-A l ’  (
~ 

F a-y lc)(~~~) 
~ ~~ 

+ a-
~~1z) (~~~

)c~~t1
1

Assuming that

2 2 ~~~1 2
a- - a -  = — a -x i s  s i c  2 x l

In
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and

2 2 .~~~1 2
a- = a -  =~~— a -
y ls y lc  2 yl

There f ore

2 2
a- +a-2 2 2 2 x l  y l

a- + a -  = a- i-a-xis ylc xlc y ls 2

Thus Equation 73 become s

= 

a-
~~~ ~ 

a-
~~~ 

~ 

( K )
~

]

also assumi ng

2 2 ~ 2
a- a- = a
xl y l 

1

= ~~ (K~ + K~~) a-~ ( 7 5 )
C T 1

1

In a s imi lar  way we evaluate con t r i bu t i ons  of the  o the r  R G G

sens itivities and obtain the RGG var iance  e r r o r  model  for  t r a n s l a t i o n a l

sp in harmonic vibrations shown in Table 2.
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2. E r r o r Con t r ibu t ion  by the D i f f e r e n t i a l  A r m  Mass  Unba l anc e

From Table 2

= + (
~~~~~~~] 

+ [(~~~)
2 

+ (

~~~~

)
2 ]  ( 76 )

Combining ( 75 )  wi th  ( 7 6 )  we obtain

1 K 2 K 2 1

a-A C  
= 2 A f ( N 1 + N 3 ) [(~

) + (
~~

) i ( 7 7 )

3 . E r r o r  Cont rib ut ion by the Axial Vibrat ion Tors iona l
Sensitivity

F r o m  Table 2 and E q. ( 7 5 )

2

a-A C  
= 2Af N

2 
(
~

) ( 7 8 )

4. Error Contribution by the Prime Anisoelasticity
(4th Harmonic)

From Table 2 and Eq. (75)

a-Al ’ fzAf N4(C~~g + C~~g
)(K ~ -4 K~~) (79 )

40
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5. Error Contributio n by the Cross Anisoelasticity

From Table 2 and Eq. (75)

/ f K
9\

2 
/N \

2

a-
~~

1. 
- j  2 A f [( N 1 

+ N 3 )C~~g + 
4 

(N
1 

+ N
3

) ( C ~~g 
C~~g)]~~~~~~ 

£

(8 0 (

6. Gradient Error due to Prime Anisoelasticit y 
- 

Low F r equ e n cy
Comp onent

a- 2 f~~~
o) (~~~~~~ T ( 8 1 )

For the RGG a = 0. 1 and N (0)  is the power spectral density at

z e r o  f r e q u e n c y .

The e r r o r s  stated by Eqs.  ( 7 7 ) ,  ( 7 8 ) ,  ( 7 9 ) ,  ( 8 0 )  and ( 8 1 )  a r e

at the EGG level .

Table 3 summarizes these equations , and the values quoted are

the tens or element values.

E. ERRORS DUE TO MISA LIGNMENTS

The RGG sensitivity to misalignme nts in the earth ~ ra vity

gr adient field at tensor level are:

4. 5 EV Per milliradian tilt off vertical (backg r o u nd

gradie nt assumption)

0 . 3  E V  Per  m i ll i r a d i an  m i s a l i g n m e n t  i n  i i e a d i n g

(assumed horizontal pri nci pal gradient difference)
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F. R G G  A N G U L A R \ ‘I R R A T I O N S  E R R O R  M E A S U R E
FOR ESTA JILISIIING PLATFOR M REQUIREMENTS

1 

r

a- 1 .  
_ 

~

“ / ~~~ii~~~~~~~~
) df

w h e r e

~

-
, e r r o r  in E V  (tensor element value)

(1  ) p o we c  s p ec t r a l  d e n s i t y  in  ( r a d/ s e c ) 2/ } Iz

~: 
f r e q u e n c y

4 1



SEC TION 5

R E V I E W  OF DATA A N D  A N A L Y S I S  OF
AIRBORNE ENVIRONMENT

Three sources of data were studied and analyzed . These

sources  w e r e

1. Vibrat ion fli ght test (Phase I), prepared for the
Air Force Weapons Laboratory Kirtlarid Air
Force Base by General Dynamics under
contract F29601-71-C-0064, 15 Sept. 71.

2. Prototype moving base g rav i ty  g rad iome te r ,
Hughes Research Laboratories , R and D
Evaluat ion R e p o r t  C o n tr a c t  F 19 62 8- 7 2 - C -0 22
J a n u a r y  1973.

3. Vib ration data for the KC-135 aircraft , memo
f r o m  Paul H . M e r r i tt  to Lt. Col.  Jack A .  Cook
dated 17 May 1976.

The dat a p resen ted  in sou rces  1 and 3 were  m e a s u r e d  at c a r g o

tie point s in K C- l 3 5  a i r c r a f t . The m e a s u r e m e n ts w er e  p er f o r m e d

wit hout the equivalent m a s s/ i n e r t i a  of an EGG sys t em in  p lace .  Test

cond i t ions  unde r  which  the  t es t  data p r e s e n t e d  by sou rce  2 was obta ined

w e r e  not est abl i shed.  The levels  of power s p e c t r a l  d e n s i t i e s  of l i n e a r

v ibra t ions  obta ined f rom the  t h r e e  sources  a r e  p r e s e n t e d  in Table 4.

Table 4. Power Spec t r a l  Dens i ty  fo r  L inea r  V i b r a t i o n s
Expressed in G2/Hz (G in rms values)

Frequency 0 2 , ~~ 4~5 S S S

Sou rce No. 1 10 1 
~~~ 10~~’ 1o 6 ~~-n

Source No . 2 l O ~~ 1 4 . )
’ i0

0 
10 ” l 0

0

Source  No . 3 2 . 5  x 10~~ 16 x i o 6 17 x l 0~~ 17 x l0~~
’ 17x

4=,

~~~~~~DI~~~~?AG~~~~~~~~~NOT ?I~~~~D 
- - 

_ _



_ _ _ _ _ _ _ _ _ _  - -  ‘ ‘

It i s  i n t e r e s t i n g  to note tha t  t h e  t e s t  da ta  p r e s e n t e d  in  S o u r c m -  I

w a S  ob ta ined  u n d e r  m o d e r a t e ly h a r s h  e n v i r o n m e n t s w h i l e  t h e  da t a

obta ined  f r o m  s o u r ce  3 was  t a k e n  u n d e r  mos t  b e n i g n  f l i g ht e n v i r o n -

m e n t s .  The t h r e e  s o u r c e s  a lso  c o n t a i n  i n f o r m a t i o n  p e r t a i n i n g  to t h e

a n g u l a r  e n v i r o n m e n t s .  G r ap hs in  Fi g u r e s  3 and 4 show the r e s u l t s

of t hese  m e a s u r e m e n t s.  Data f r o m  Source  3 is not i n c l u d e d  in  t h e s e

fi g u r e s  b e c a u s e  t m a y  not be a c c u r a t e .

It i s  our op in ion  that  the  e n v i r o n m e n t a l  d ata p r e s e n t ed  repre-

sent s w o r s t  case  c o n d i t i o n s  b e c a u s e  the  m e a s u r e m e n ts  w e  re per-

f o r m e d  wit hout the ac tual  lo a d/ i n e r t i a  of the  EGG s yst em .
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S E C T I O N  6

STUDY OF COMPENSATION TECHNIQUES

In this study we assume that the basic EGG sensitivities (the

K f a c t o r s )  have b e e n  reduced to the i r  goal  levels , and thus  the r e su l t i ng

e r r o r  w ill be a function of the operat ional  env i ronmen t , the charac ter -
is tics of the vibrat ion isola t ion system , and the e f f ec t i venes s  of com-
pensa t ion  techni ques used.

The v ib ra t ion  i so la t ion  sys tem p a r a m e t e r s  wi l l  be se lec ted  so

t hat the spin harmonic  e r r o r s  will  be reduced to accep table levels
without compensa t ion . Since a p r a c t i c a l  VIALS canno t  l imi t  t he  rota-

t ion  field e r r o r s  and g
2 e r r o r s  to accep table levels in the o p e r a t i o n a l

env i ronment , these effects will be compensated for.
Compensation for the g

2 e r r o r s  i s  re la t ive ly s t ra i gh t f o r w a r d ,

as convent ional  acce le romete r s  can  be used to m e a s u r e  the acce lera-
t ion leve ls . The computa t iona l  a spec t s  of t h i s  c o mp en s a t i o n  a re  a lso

simp le and a re shown in Fi gure  5. M o s t  of  the work done in this

section deals with compensation for rotational field effects.

Compensation for the rotat ional  f ields requi res  the knowled ge

of angular velocities at all frequencies. This requirement i s  d i f f i c u l t

to sat isf y by using  conven t iona l  a n g u l a r  ra te  s e n s o r s , and t h e r e f o r e  a

new s e n s o r  is proposed  to meet these requirements. The angular

velocimet e r , as desc ribed in  thi s sec t ion , can  meas ure  a n g u l a r
veloci t ies  at all f requenc ies , and the e f fec t i venes s  of c o m p e n s a t i o n
for the rotational fields can be as high as 1:80.

A. COMPENSATION OF THE EGG OUTPUT FOR THE
ROTATIONAL FIELD EFFECTS

A n y  s e c o n d - o r d e r  g r ad i en t  s enso r  r e sponds  to both g r a v i t a t i o n a l
and inertial force gradients. When the sensor is used to measure

grav i t a t i ona l  fo rce  g r a d i ent s ca re  must  be e x e r c i s e d  to l imi t  and -- o r

49 
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c o t i t p e n s a t m -  f o r  any  i r i m - r i i i l  or c e  ~ i’a d i e n t s :  p r e s e n c e  of su h

~ r~m d i , - i t s  wou ld  appear as errors in the m e a s ul ’  , ‘n ,  nt  of t I m ’ ’  d t ’ s i  r ed

q u i n t i t y .  Ihe output of the  R G G s e n s or  is  p r o p o r t i o n a l  t o  t h e  s o ur c e

of t h e  a n e ul a r r a t t ’  n o r ! I I , t l  t o  t s  sp in  a x i s , and  t h e  e t - e t s  of t h e

ai i ~~ula  r rates are i i  1i ni  i i i  i,,ed b y the  onTh inec i  m i s c  of the  sI m i m i c  p Li t  —

f o r m , shock and v i b r a t i o n  i s o l a t i o n  y s t e , i i , and c o i m p e o s ; t t i o n .  A

n iethoci  of c o m p en s a t i o n  IS  desc  riheci in  the  p a r a g r au l ’m t h a t  ~~~~~~~

1. R o t a t i o n a l  Fie ld  C o m p t - n s  i t i o n  [‘roces  s

The [1CC output clue t o  the  r o t a t i o n a l  h eld e f f e c t  is

, S
1’ - 

5- (83)
c,5. x y

- 2 -  (54
5’-’- x y

The s u b s c r i p ts c and  s d e n o t e  t h e  c o s i n e  m n d  s i n e  output  c h , m n n d  s of ‘h

gr a d i o m e t e r , and  and i r e  t h e  ant ~u la r  i n p u t  r a t e s  r e s o l v e d  i l o n ~x y
the ca se -  f ixed R GC  a x e s .  To s i m p l i f y the  c le sc  ri pt i o n  of t h e  omp e n  -

s a t m o n  p r o c e ss  w e  sha l l  t s su m - t h a t  — 0, ~~ . 
- - 0 a n d  t h e n

y x

2 
(8 ~~~~(

= 0 8’.)

The b I o ’ k  d i a g ram  i t - i  t i n g  t h e  p r i n c i p le i n v o l v e d  in  t h e  c nn ~p e n s - t  i m ’ n

p r o c e s s  f o r  the  rot t ioti ~~l f i e l d s  i s  show -n  i n  Fi g ur e  ~~~. U s i n i  h i s

b lock  d i , i i _ i t : t m  w e  c a n  w rite or the m o r np en s at e d  out put  mu i i i , ’  1100

:, (‘)

.J1 _~~~ ,~~~~~~~ , - ~~~~~~ - - _ - -_  —- ‘-i--
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= 
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(1 
l l l ) ~2) ( 87 )

The t r a n s f e r func t ion  of the  v e l o c i m e t e r  i s

I l ( 5 (  2 

2 

~2 
( 8 8 )

f 
~~~~~~~~~~

Substitute s j

)

H 
(*) (8~~)(s) 

[~ (

~~~

)
2] ( )

Substitute (7) into (5) 
-

I - 2(
’.
~
.— ’1 (1 2~
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A s s ur n i n~ that we desi gn a velocimeter with a damping ratio = \2/2

the n Eq. (90) reduces to

2/ r~~~
= ( 4 4 1 ( 9 1 )

/

Let

2 
= 1 - H 2 

(P 2 )
eq (s) , (s)

A s s u m i n g  that

)

AF ~~H (93)
c~~ eq(s)

The n compar ing  Eq. (93) w ith Eq. ( 9 1 )  we obta in

‘4

4 4 ( P 4 )

Also note that

H = 
0 

°~~)e q ( s )  ~2 \2~~0
S ~~~~

Val id i ty  of Eq. ( 1 3 )  i s  p rove n as fol lows

——5--— - --—- ‘-5, —-‘-5— —- - -  ‘ 5 - - -—5 —-
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eq( s (~ ( j  2 

~ 2 ~0 1i - )

)

1
0

“ 2 2  2. 2.
-
~ 2~

3
0~~0

- _________- . 
4 4

+

E q u a t i o n  ( ° b )  indic ates an  e q u i v a l e n t  p r o c e s s  to the c o mp e n s a t i o n

d e s c r i b e d  by b lock  d i ag r a m  of Fi g u r e  n and fi g u r e  show ’s the  eq ui v a l e n t

c o mp e n s a t i o n  p r o c e s s  for  the  ro ta t iona l  f i e l d s.

2 . The A n g u l a r  Veloc i t y of the  I n s t r u m e n t  C l us t e r  Caused  b y
the Torque  I ) i s t u r b a n c e s

In o r d e r  that  t he  e f f e c t s  of t o r q u e  d i s t u r b a n c e s  o c c u r r i ng  at a l l

f r e q u e n c i e s  shall  I,e i n c l u d e d  w e  i n t e g r a t e  the  o v e r a l l  t r a n s f e r f u n c t i o n

as i n d i c a t e d  b y E q. ( 1 1 7 ) .  It i s  to be noted that  E q. ( ‘7)  i s  b a s e d  on t h e

block d i a g r a m  fo r  the eq ui v a l e n t  c o mp e n s a t i o n  p r o c e s s .

= ~~~~~ I T II 11 - d_  47)
2TI p ( s )  t ’ q t s

A s s u m i n g  that  t h e  t o rque  d i s t u r b a n c e  f u n c t i o n , T . j c  i r - ‘ r i ? , - c I

by a co n s t a n t  p o w e r  sp e c t r a l  d e n s i t y  t h e n  E q. ( ‘ 7 )  hi-t o ne s

= T ’- I ~- ‘~~teq
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w’he re

‘eq = 

~~~ 
j ~~~~~~ H

e q ( s )  
2 d~~ ( P a )

H ) )  is the  p l a t f o r m  t r a n s f e r f u n c t i o n  r e l a t i ng  a n g u l a r  velocit y and
to rque  d i s t u r b a n ce .  This  f u n c t i o n  may  have the fo l lowing  f o r m

H S 
( 10 0 )p ( s )  (s  ~ o 0

) ( s  +~~~S~~~~~ )

The u n c omp e n s a t e d  R G G  out put in r e s p o n s e  to  the  d i st u r b a n c e  t o rq u e s
app l ied  to the  p l a t f o r m  is

= 

~~~ 

T ~~~~~~~ 
2 

d~~ ( 1 0 1 )

or

= T
2

1 ( 1 0 2 )cL~4 u )  p

w h e r e

t o
1 ‘S

I = — I I  “ d .  ( 1 0 3 )  —p 2i~ , p ( s )

In order that we may  estimate the effectivenes s of the comperi-
sa t ion  pr o c e s s  d is c u s s e d  h e re  w e  s h a l l  f o r m  a r a t i o  b i ’t w  een  the com-
p e n sot e d  and u n comp e n s a t e c i  g r a d i o m e t e r  out put s a s  o l low s :

-
-5 - - - _ ‘ - - -
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A l 5  Ic 
= .~~.a. ( 10 4 )

c ,4u)  p

Subs t i tu t ing  f r o m  E qs.  ( t O )  and ( 1 0 3 )  we obta in

1 
~ \2

A T  0 + cmm

= 
0 b ( 1 0 5 )A l ”  2 2

cm= (u) 0 QSm~~
)  

0
0 ~ 

“~b °0 ’-’-b2 4 -  + \ 2  + x 2
4:

Assuming

0
0 

= 20 rad/sec 3 . 2  l’lz

= 100 r ad/ sec  16 Hz -

‘

= 10 r ad/ sec  1 .6  Hz

The ra t io  f r o m  Eq. ( 1 0 5 )  becomes

AT c w
A T  80c w ( u )

This m e a n s  that  for  the se lected p l a t f o r m  and veloc imete r

parameters the compensation process reduces the error due to rota-

tio nal f ie ld e f f e c t s  by a f ac to r  of 80.

4’

B. DESCRIPTION OF TilE INCOFLEX ANGULA R VEJ ,00I\1ETER

The cross-sectional view of t h e  a ng u l a r  v e l o c i met e r  is shown

in Fi gure 7. The a n g u l a r  v el o c ime t e r  i n c o rp o r a t e s  t h r e e  m aj o r

s u b a s s e m bl i e n :
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Fi g u re  7 . (‘ r o s s  s e c t I o n  of t h e  t \ V O a x i s  i n c o t l , ’x d f l L ~u I i i ’  ~~m’h~ c in i m ’ i i

I

— -5- - - ‘ - ‘-—5 5--— -‘--5’S----—- - ’---- ,-- - -



- -  ——- -‘ 
‘

5

~~~~~~~~~~~~~~~
_  

~~~~~~~~~

• \ l a g n e t  hous in i )

• Two axis s u s p e n s i o n  s y s t e m

• h ous ing

The m a gn e t  hous ing  c a r r i e s  a r ing  magne t  w h i c h  es tab li shes  a r ad ia l l y-

or ien ted  t -uagnetic  field ac ros s  the a i r g a p . The bod y of the magne t

h o u s i n g  a lso  p ro v i d e s  the  r e t u r n  pat h for  the magnet ic  f lux .  The mag-

• net  hous ing  is s u p p o r t e d  by a two-ax i s  Inco f lex  s u s p e n s i o n  sys tem

th i s is a s u s p e n s i o n  of a d yn a m i c a l ly tuned  g y r o )  w h i c h  in t u r n  is

it t a c h ed  to i t s  s u p p o r t .

Att ached to the  hous ing  of t h e  v e lo c i m e t e r  a re  fou r  p i cko f f

coils  w h o s e  upper  c o n d u c t o r s  lie in the  m a g n e t i c  f ield e s t ab l i shed  by

the m,u~net .

W h e n  the hous ing  of the  ve l o c i m e t e r  is  sub j ec t ed  to  an m n c u l a r

i npu t  ra te  the  a t t i tude  of the  m a g n e t  hous ing  t e n d s  to r e m a i n  f i x e d  and

a vo l t aLt e i nduced in the  p i c k o f f  coi ls  is p r o p o r t i o n a l  to  the  r e l a t i v e

ve loc ity b e t w e e n  t h e  v e lo c ime t e r  h o u s i n g  and the  magne t  h o u s i ng .

Ba lance  w- m - i g h t s  at t ac h e d  to  t he  m a gn e t  h o u s i n g  ar e  used  to  e l i m i na t e

the  s e n s i t i v i t y  of the  v e lo c im e ter  to  t r a n s l a t i o n a l  a c ce l e r a t i o n

i n p u t s .

1. D e r i v a t i o n  of the  T r a n s f e r F u n c t i o n  fo r  the  A n g u l a r
\ e lo c im et e r

The m mc net  h o u s i n g  s mec  han i c  al l y coup  I ed t o  I he h a s  e of t he

i n s t r u m e n t  w i t h  a t o r s i o n a l  s p r i n g  r a t e  and  d a m p i n g .  ‘[he a n e u l i r

n o t i o n  of t h e  m a g n e t  h o u s i n g  r e l a t e d  t o  t h e  a n g u l a r  ii~~~’ t i O n  ol I l i t

l ) a s e  i s  ‘ e l a t e d  by equ it i on  (IOn )

- - - 0
1 ~

) I )  5 h -

~
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w h e r e

0B 
ang le of the velocimeter base

~~~~ 
ang le of t he magne t  housing

K spring constant for the suspension system

D damp ing coeff ic ient

3 comb i ned m o m e n t  of i n e r t i a  of the magnet housing
and t he suspens ion  s y s t e m  about the i nput axis

Taking Lap lace t r a n s f o r m  of Equa t ion  ( 1 0 6 )  and r e a r r a n g ing

l ) ( s )  m K 0 107O J J ( ~~) ‘S 2 - B ( s ).Js I Ds +Ix

But we are interested in the relative ang le between the velocimeter

base and the magnet housing and therefore

_ _ _ _ _ _ _0 B ( s )  
- 0 H ( s )  0 B ( s )  ~~ z 

) D + K 
( 1 0 8 )

The open c i r c u i t  vol tage i n d u c e d  i n  the  p i c ko f f  coil  is

E~~~ — I\ v (0 B( s )  - 0 ( S ) ) ( l 0 ~~,

C o m b i n i n g  E qs .  ( 1 0 8 )  and ( 1 0 ) )  we obta in

E 
0Ji (s) s 2

(s) 
- K 2 2 

( H
\ - 5 1 ~~~ (t

0
S -
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w h e r e

K voltag e constant of the velocimeter
V

D
= 

~~ ~~

- d a m p i n g  coefficient
00

B 0 
= un damped  n a t u r a l  f r e q u e n c y

C. A N G U L A R  V E L O CI ME T E R  E X P E R I M E N T

1. Purpose

Ver i f y f e a s i b i l i t y  of the  t e c h n i que and orrelate result s with

calculated data.

2.  D e s c r ipt ion  of Test

Standard Incoflex gyro was used in thi s test. One torquer coil

was  used to  dr i v e  the  ro tor  and the  d i a m e t r i c a l ly op p o s i te  t o r q u e r

coil was used to ind ica te  the  an g u l a r  ve loc i ty  of the  r o t o r .  The c i r c u i t

used is shown i n  Fi g u r e  8.

F r e qu e n c y - l I z  1 3 0 7 8 10 1 1Z 1 ”  20 P m 4

vol ts  P — P  n . 2 a 2 3 . I 1 . 7 5  1 . 2  0. 2 5 I .  2~ 3 . 1 1 3 . 7 - ‘ . 0  1 1 . 0 1, ~. (~ 1 ’ . 0

E , mV P -P  1 . 5 4 . 5  ~~. 5 . 0  ~ . S 10 . 5 “ .~~ ‘ 1 - 1 . 5 1 0 . 5 1~~~. 5 1 1 . ~~~ 7.~~ -- . 0

3. A n a l y s i s  of Tes t  R e s u l t s

a. Torque s A c t i n g  on t h e  P o t o r

T~~~ - (3 2 Ds + K )  0( s )

~ ( 2  -~~~ ~

0 1
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F or  s ~~ , 
~ n 

and s m a l l  d a m p ing

sT sT
o - si  - i s) 1114 )
(s) - -_

_j k,-)
n

For  s “ -  and s m a l l  d a m p ing

sT T
= 

(s) (s)

I s )  2 JsJ s

b. E v a l u a ti o n  of C o n s t a n t s

G yr o  t o r q u e r  s c a l e  f a c t o r  = 2. ‘ H r  ~a

( ; y r ~) a n g u l a r  m o m en t u m  20 , 000 g n ~ x c m / s e c

T - 
1
0

, hr 
~ 20 , 000

2 . O t m  x 10

0 ,
— 1 d yne  x cm p e r  1 h r

Thu s I iA p r o d uc e s  ( 1 . 2t  d v n e x c n i  w h e n  two co i l s  ar e  u s e d  i n  ~e r i e s  .

l- ’ o r  a s i n g l e  t o r q u e r  t o i l  we have

K - I ) . I I  x ( ) 1 d yne  x cn /mtm p

15 cr a m  x m m

I- ’, so , ooo ci s n  e x cn m rad ian p e r  a x i s

~~n (
~~~~~~00y

/ 2  
- 5 7 . 7

I n  4— ~7. 7 ~~~~~~~ I i i ’ .
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Obtain angular  velocit y of rotor  at low frequency - 1 Hz

Torque exerted on rotor = 0. 13 x io 6 x ~~~~~~~~ x ’-~~~

428. 7 dyne x cm ( z e r o  to p ea kt

Using Eq. (4) angular velocity of rotor

(2~ x 1) x 42 . 8 . 7
0 50 000 = 0 .054  rad/ sec  ( ze ro  to peak )

c. Voltag e Out,put

1.5 10 volt s (zero  to peak)

E -3
K 1 .5  x l O  

= 0 . 0 1 4  ~-o1t s ’ r a d - - ’ secv 2 x 0 . 054

Obta in  an g u l a r  ve l o c i t y  of ro tor  at hig he r  frequency - 40 l I z

Torque exe r t ed  on r o t o r  - 0. 13 ~ 10
1 

x -
~~~~ x

- 830 d y n e  \ ~nl .

U s i n g  E q. ( 5 )  an g u l a r  v e l o c i t y  of r o t o r  is

i~ X~~~~~ x 4 f l  
- 0. 22 ro d  sec ( - , e r o  to  l) i k t

- - -5 - - 5 ’ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5



d . Voltag e Output

E 2 = ~ x 1 0 3 
volts 2 - P

K = = 2 .5
0

x
2
~ 0 

= 0 .011  vol ts/rad/ sec

e. Calculated Voltage Scale Factor

Calculated vol tage scale fac tor  was 0 . 0 1 5  volts/rad/sec
(one co il) .

In subsequent  calculat ions use

K 0.015 volts/rad/sec per coil

K T = 0. 13 x 106 dyne x cm/amp per coil

4. Summary

Measured  value of the voltage constant  pe r coil a g r e e s

reasonably well with the computed voltage constant . For f u r th e r
wo rk use

0 . 0 1 5  vo l t s/r ad ian/ sec

D. COMPENSATION OF THE ROG OUTPUT FOR
A NISOELASTIC EFFECTS

Res idua l  an isoe las t ic  ef fec t s (at low f requenc i e s )  may be com-
p ensat ed  for  f r o m  the knowled ge of a c c e l e r a t i o n s  and the  r e s i d u a l
s en s it i v i t i e s  K

7 and K
8 for  the R G G i n s t r u m e n t . Three  a c c e l e r o m e t e r s

wi ll he used  to  measu re  the ( omponent s of acce le ra t ion  and the data

~ ill he processed in the computer in accordance with the block diagram

t t  -
~
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s how n i n  l - i gu  re  - I~~ \V e expec t  t h a t  on ’mp en sat i on w i l l  r ed sR t t h i s

by a a c t o r  of 2 0 .

6054-11

X — AX IS —K s’ (1/2 + n — K 3’
ACCELEROMETER I MATRIX 7 2~ ~~~~

______________J AND
FILTER

FOR +K~ n — K 3’ (1/ 2 + n
Y—RGG x z

Z—AX IS
ACCELEROMETER

L I N E A R  x x
MATR I X +K 7 11 /2 + 

~~~
) — K

8 
n~

______________ 
AND

F I L T E R

ACCELEROMETER FOR +K~ fl
3’ 

+ K~ (1/ 2 + ri 1
)

Figur- ’ 0. Coinptnsation of t h e  R (  G (b -\ \V )  for ani so-

e l a s t i c  e t  f c c t  5- 



‘S’ --5— - ‘  - --
- - 5 - - 55- - ‘~~~~  - -~~ —-5- ’

S E C T I O N  7

VIALS SPECIFICATION

A.  DESCRIPTION

The th ree  RGG se n s o r s  shall  he mounted  to the  s table e l emen t

of a t h r e e- a x i s  p l a t f o r m . The p lat f o r m  in t u r n  shall  he suppor ted  by
a C. C. 0 v i b r a t i o n  i so la t ion  mount  for  i so l a t ion  of t r a n s l a t i o n a l  and

rot ,t t i o i .  ~i v ib ra t ions .  The t h r e e - a x i s  p l a t f o r m  p rov ides  l o n g - t e r m

a z i m u t h  and level  s t ab i l i za t ion  of the R G G  c lus t e r . In add i t ion  to the

R G G  c l u s te r  the stable e lement  may c a r r y  g y r o s  and acce leromet er s
r equired  for s t a b i l i z a t i o n  pu rposes , and a lso  a n g u l a r  v e l o c i m et e r s  and

t r a n s l a t i o n a l  a c c e l e r o m e t e r s  r equ i r ed  for  c o mp e n s a t i o n  p u r p o s e s .

B. VIALS R E Q U I R E M E N T S  FOR A I R B O R N E  M A P P I N G
MISSION

The \-JALS sys tem des i gn shall  a s s u r e  p r op er  op e r a ti o n  of

the  R G G  c l u s t e r  in  an a i r b o r ne  e n v i r o n m e n t  (beni gn  c l a s s)  t yp i f i ed

b y a N C -  135 a i r c r a f t . The r e q ui r e d  a c c u r a cy  of the  R G G  s e n s o r s ,

e x p r e s s e d  as t e n s o r  e lement s , sha l l  be w i th in  1. 0 EU ( o ne  si g m a )

d u r i n g  a 10-hou r fl i g ht.

C. E N V I R O NM E N T  - O P E R A T IN G

l)a ta shall  be t a k e n  when  th e  a i r c r a f t  is fl own i n  s t r a i g h t  a n d

l eve l  c r u i s e  c o n d i t i o n  dur ing  n o n - t u r b u l e n t  weather . The c r u i s e  on-

cl i t ions  s h a l l  be is  f o l l ow s :

P rev e n t s c o n ver s i o n  of I r a n s l a t i o n ,j I  i n p u t s i n t o r o t a t i o n  of t h e  s t o b l i ’
e l e t i i e n t .
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Altitude 25, 000 to 30 , 000 ft

G r ound Speed 4 0 0 to 500 mp h

Cabin
Tempera tu re :  7 2 ± 3  F

Cabin Pressure: Between sea level and 10 , 000 ft
equivalent pressure altitude will he
maintained at all times.

The aircraft motion environment shown in Figures  10 and 11 shall

be app licable and shall apply to all axes.

D. FUNCTIONAL AND PERFORMANCE REQUIREMENT

1. Vib ration Isolation Mount

The v ibra t ion  isolation mount shall  suppor t  the wei g ht of t he

p l a t fo rm and stable e l emen t  con ta in ing  the  RGG s e n so r s , s t ab i l i za t ion

g y r o s , and a c c e l e r o m e t e r s, compensa t i on  i n s t r u m e n ts , and e l e c t r o n i c s

associa ted w i t h  the  above equi pment . The mount shal l  prov ide  t h r e e

t r a n s l a t i o n a l  d e g r e e s - o f - f r e ed o m .

a. Load Capac i ty

The vib r ation isolat ion mount  shal l  provide the spec i f i ed

v i b r a t i o n  a t tenuat ion  while  suppor t in g  i ts  pay load and wh i l e  be ing

exposed t o  v ibra t ion  spec tra  spec i f ied  in Sect ion 3 and w h e n  exposed

to a i r c r a f t  m a n e u v e r  loads of 0. 1 C.

b. E last ic Cent e r

The distance betw een the (enter of m a s s  of t h e  p ay load

and the e f f e c t i v e  elastic center of the vibration sol ition mount shall

not exceed 1 ) . 2 i n c h e s .
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F i g u r e  10 . A c c e l e r a t i o n  power  so e c t r a .
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c . \ l a s s  Ba lance

The vibration isolation mount sha l l  he equi pped t o  ar o v i d e

f o r  m a s s  b a l a n c i ng  of i t s  load so t h a t  t h e  d i s t an c e  as d e f i n e d  in  7. I) . 1. b

( a b o v e )  can  he i c l i u s t e d  t o  be w i t h i n 0. 1 i n c h e s .

d. T r a n s lat i o n a l  V i b r a t i o n  A t t e n u a t i o n

The ib r a t i o n  i s o l a t i o n  mount  shall  p r o v i d e  fo r  i s o l a t i o n

of t r t n s l a t i o n al  v i b r a t i o n  in  all  t h r e e  a x e s .  The t r a n s l a t i o n a l  i s o l  t t i o n

p e r f o r m a n c e  in  any axis shal l  equal  or e x c e e d  t h e  p e r f o r t i ’ i a n c t -  cha r -

a c t e r i-zeci b y a s e c o n d - o r d er  l i n e a r  s y s t e m  h a v i n g  n a t u r a l  f r e q u e n c y

2 l I z  ± 0. 5 l i z  and  m a x i m u m  a m p li f i c ation not e x c e e d i n g  1. 2 .

2 .  S table  Plat f o r m

The st i h l e  ~1 ~t f o r m  sha l l  mee t  the  f o l l o w i n g  p e r f o r m a n c e

r e q u i r e m e n t s w h i l e  su p p u r t i n ~ i t s  pay load an d  w h e n  m o u n t e d  on t h e

v i b r a t i o n  i s o l a t i on  n ’, n n i t  w h o s e  ( h a r a c t e r i s t i -  s a r e  sp e c i f i e d i  in  7 , 1) . 1. 
- 

-J

~~~ 
-
~

R~ e r e  OCt  H ab il i -z a t i o n  A x e s  ~, -

The  - I  ab le  o l a t f o r m  sha l l  p r o \ — i d e  t h r e e —  - i x  i s  s t a b i l i z a —

t i o n  ~ itt h t h i t  lo  c ,  fl y-  l e v e l , t r u e  — no r t h —  r e f ~ r e n c  ed , s t a b l e  e l e m e n t

o r i , ’ n t . , I i - l ~ i s  m , i i i t a i n ( (I .

1) . A i c u l i r 1” r e ed om

I h e  s t a b l e  p l a t f o r m  s h i l l  he c ap a b l e  t i f  a c c o n i i i i o d a t i n c

t i r e  r a i l  n i t  ion  ex c u r s i o n s  (if ± 30  d e g r e e s  i n  p i t c h  an d  r o l l  w h i l e  i n  m v

h e a d i n g  o r i e ~~t I - n . The p l a t f o r n i  sh a l l  have  l i - h  dec r e ’ s  of  f ia - i d o i c

iii i/,~~i iUi t ii.

1’ • (~~~ i 1111 ) 1 I~ e d  o u t

r , i n s d u e i ’r s  p r o v i c h i n ~’ 0 i n i i h , i l  a n g l e s  f o r  e c l i  0

t h e  t h r e e  a -a ’s  w i l l  be pr ’ & > s i ded .  1h e ~~e t r , i n s - k i c ~ - r s  s h i l l  i t , l \  - ~t i )

i -’ ,a ’r ,ill u’c u r l c y i - i  I ~i i t  m i n i - i t . 
- -

‘4

_  I _
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d. A ng u l ar  A l i g n m e n t  A c c u r a c y

In i t i a l  ali gnment  a c c u r a cy  and a l low-able  d r i f t  l i m i t s a r e

as speci f i ed  below.

1. P l a t f o r m  and R GG in i t i a l iza t i o n  — The a c c u r a c i e s

requi r ed  for  i n i t i a l  ali g n m e n t  of the  s e n s o r  c l u s t e r  a r e  a s  f o l l o w s :

\-‘e r t i c al :  5 x l0~~ r a d i a n , 1 si g m a  w i t h
respe c t  to  p l u m b - b o b  v e r t i c a l

A z i m u t h :  5 x I 0~~~ r a d i a n , 1 si g m a  w i t h
r e spe c t  to nort h reference

A t t e r  in i t ia l  ali g n m e n t  of the s e n s o r  c l u s t e r , R C G  i n i t i a l i z a t i o n  w i l l

be accomp lished . Thi s R C G  i n i t i a l i z a t i o n  p r o c e s s  may  r e q u i r e  up

to one hour to comp lete .  The p l a t f o r m  d r i f t  r e q u ir e m e n t  s h a l l  app l y

dur ing  the  RGG i n i t i a l i z a t i o n  p e r i o d .  No r e t r i m m i ng  or a d j u s t m e nt s

of the  s table  p l a t f o r m  is allow-ed it any t i m e  ( l u r i n g  t he  e n s u i n g  10 h r

ope ra tiona l  n-un a f t e r  R G G  i n i t i a l i z a t i o n  has c o m m e n c e d .

2 . A l l o w a b l e  D r i f t  — The an g u l a r  o r i e n t a t i o n  ui f  t h e  s t a b l e

e l emen t  shal l  not d r i f t  f r o m  t h e  i n i t i a l l y al i gned r e f e r e n c e  by m o r e  t h an

the f o l l o w i ng  amoun t s  f o r  a f l i g ht  of 10 h o u r s  d u r a t i o n :

L e v e l :  l0~~~ r a d i a n  -

- -3  -A z i m u t h :  10 r a d i a n  J
e . St able Plot f o r m  CO input  e”

A s tab le  p lat f o r m  c o mp u t er  w h o s e  a c c u r i c y  i s  c on ip it i b l 1 -

wi t h m e e t i n g  t h e  a l i g n m e n t  a c c u r a cy  r e q u ir e m e n t s wi l l  be r e q u i r e d i .

f. Pay load Desc ri p t i on

The wei g ht and  s i z e  (i f t h e  t h r e e  R C G  s e n so r s  sh i ~~l I  be

a s  f o l l o w s:

\~~e i eh t  ~I ’ l i , l )

S i ze  l ’ I l l )

______ — ‘- - - - 55 - — - -  - -  ‘S -5
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(1) Compensation Accelerometers

Number  R equired 3

Wei g ht TBD

Size TBD

( 2 )  C o m p e n s a t i o n  A n g u l a r  V e lo c i m e t e r s

N u m b e r  R eq u i r e d  2

Wei ght TBD

Si ze TBD

( I )  Leve l A c c e l e r o m e t e r s

Number  R eq ui r e d  2

Weight TBD

Size TBD

( 4 )  Leve l and A z i m u t h  G yros  j
Number Required 2

W e i g ht TBD

Size TBD

g. Power and Signal Trans mission

Slip r i n g s  or the ir equivalent will be required to t r i n s i u i t

power  t o  and si g n a l s  f r o m  the  pay load eq u i p m e n t  as f o l l o w s :

ac p o w e r  TB!) -:

dc power T i l l )

Si g n a l s :

R G Gs  12 c h a n n e l s

Gyro s TBl)

A c c e l e r o m e t e r s  T I l l )

A n g u l a r  vi l o c i m e t  e n _ s F B I )

, ~~~~~~~~
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h. R eaction Torques from Pay load

( 1 )  Sensor  rotor  m a s s  u n b a l a n c e  — e a c h  s e n s o r
r o t o r  mass  u n b a l a n c e  shall not exceed
7. 5 x i0~~ lb x i n .  Eac h s e n s o r  is oper-
ated - i t  a n om i n a l  sp in f r e q u e ncy  equal  to
1050 Ifl-1M.

( 2 )  Senso r  a n g u l a r  m o m e n t u m  — the angular
momentum of each  s e n s o r  is 30. 1 x 10~
g r a m  x cm 2/ s e c .
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